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EphA-ephrin signaling has recently been implicated in the establishment of motor innervation patterns, in particular in determining
whether motor axons project into dorsal versus ventral nerve trunks in the limb. We investigated whether sensory axons, which grow out
together with and can be guided by motor axons, are also influenced by Eph-ephrin signaling. We show that multiple EphA receptors are
expressed in DRGs when limb innervation is being established, and EphA receptors are present on growth cones of both NGF-dependent
(predominantly cutaneous) and NT3-dependent (predominantly proprioceptive) afferents. Both soluble and membrane-attached ephrin-A5
inhibited growth of approximately half of each population of sensory axons in vitro. On average, growth cones that collapsed in response to
soluble ephrin-A5 extended more slowly than those that did not, and ephrin-A5 significantly slowed the extension of NGF-dependent growth
cones that did not collapse. Finally, we show that ectopic expression of ephrin-A5 in ovo reduced arborization of cutaneous axons in skin on
the limb. Together these results suggest that sensory neurons respond directly to A-class ephrins in the limb. Thus, ephrins appear to pattern
sensory axon growth in two ways—both directly, and indirectly via their inhibitory effects on neighboring motor axons.
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During embryonic development, both sensory and motor
axons project to appropriate targets with remarkable
precision (reviewed in Landmesser, 2001; Scott, 1992).
Although much progress has been made in elucidating the
molecular signatures that distinguish different populations
of neurons (Guan and Condic, 2003; Guan et al., 2003;
Honig and Kueter, 1995; Lin et al., 1998; Price et al., 2002;
Scott et al., 1996), the mechanisms that guide neurons to
individual targets are far from understood. Recently, Eph
receptor tyrosine kinases and their ligands, ephrins, have
been implicated in patterning motor axon growth (Eberhart
et al., 2000, 2002, 2004; Helmbacher et al., 2000; Kania and
Jessell, 2003) and target selection (Donoghue et al., 1996;0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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ephrin signaling is critically important in determining
whether motor axons project to dorsal or ventral muscles
when they enter the limb. Motor axons that project dorsally
express EphA4, and appear to be directed dorsally by
repulsive signaling from ephrin-A2 and ephrin-A5, which
are abundant in ventral limb (Eberhart et al., 2000).
Supporting this suggestion is the finding that ectopic
expression of EphA4 in prospective ventral motoneurons
causes their axons to project aberrantly to dorsal limb
(Eberhart et al., 2002; Kania and Jessell, 2003).
We have investigated whether sensory axons, which
grow out together with motor axons (Honig et al., 1998;
Tosney and Landmesser, 1985; Wang and Scott, 2000), are
also influenced by Eph-ephrin signaling. Several lines of
evidence suggest that they may be. For example, although
both cutaneous and proprioceptive sensory axons normally
project into dorsal and ventral nerve trunks in the limb, no
axons project dorsally following ectopic expression of
ephrin-A5 in dorsal limb mesenchyme (Eberhart et al.,283 (2005) 397 – 408
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contain a substantial fraction of sensory axons (Landmesser
and Honig, 1986; Scott, 1988), are entirely missing in
EphA4 mutants (Helmbacher et al., 2000). Thus, sensory
innervation patterns are altered by perturbations of Eph-
ephrin signaling, but the mechanism is unknown.
Proprioceptive axons grow out closely associated with
motor axons (Honig et al., 1998) and motor axons can direct
the growth of these sensory axons in the limb (Landmesser
and Honig, 1986; Scott, 1988; Wang and Scott, 1999). Thus,
EphA4-ephrinA signaling may indirectly influence growth
of sensory axons to muscle due to the inhibitory effects of
A-class ephrins on motor axons. However, both cutaneous
and muscle afferents can navigate accurately through the
limb independent of motoneurons (Scott, 1988; Wang and
Scott, 1999, 2000), demonstrating that sensory axons are
clearly capable of responding to limb-derived cues. The
apparent failure of sensory axons to project dorsally
following perturbation of Eph-ephrin signaling (Eberhart
et al., 2004; Helmbacher et al., 2000) may, therefore,
represent a direct effect on sensory axons.
Here, we show that both cutaneous and muscle afferents
are directly influenced by A-class ephrins. DRGs express
multiple EphA receptors at the time that limb innervation is
established. Importantly, growth cones of both cutaneous and
muscle sensory neurons express EphA receptors, and soluble
ephrin-A5 triggers phosphorylation of these receptors. More-
over, outgrowth of both populations is inhibited by soluble
and membrane-attached ephrin-A5. Finally, ectopic expres-
sion of ephrin-A5 in ovo reduced cutaneous innervation,
apparently overriding other growth-promoting cues in the
limb. Thus, A-class ephrins appear to pattern sensory axon
growth in the limb in two ways—both directly via their
inhibitory effects on sensory growth cones, and indirectly via
their inhibitory effects on neighboring motor axons.Materials and methods
All experiments were carried out on White Leghorn
chicken embryos from fertile eggs provided by Utah State
University, and were staged according to Hamburger and
Hamilton (1951).
Analysis of Eph receptors in sensory neurons
RT-PCR analysis
Lumbosacral (LS) dorsal root ganglia (DRGs) were
dissected from embryonic day 4 (E4, St. 23–24) or E7 (St.
29–30) embryos. In some cases, E7 DRGs were cultured for
approximately 36 h on non-adherent dishes in either 10 ng/ml
NGF (Gibco, Carlsbad, CA) or NT3 (generously provided by
Regeneron Pharmaceuticals, Tarrytown, NY). Because NGF
and NT3 primarily support the survival of cutaneous and
proprioceptive neurons, respectively (Hory-Lee et al., 1993),
and neurons become irreversibly committed to die whendeprived of their requisite neurotrophic factor for 24 h
(Martin et al., 1992), this strategy can be used to enrich
cultures for cutaneous or proprioceptive neurons (Guan and
Condic, 2003; Guan et al., 2003). mRNAwas extracted using
Oligotex Direct (Qiagen, Valencia, VA) and reverse tran-
scribed into cDNA using a SuperScript First Strand Synthesis
Kit (Invitrogen, Carlsbad, CA). The following primers were
used for PCR: EphA3, Forward (F): 5V-ACCAT-
CTGCTCCAAGAAACG-3V and Reverse (R): 5V-
AACCGTGAGGAGAATGATGG-3V; EphA4, F: 5V-TTGA-
GGAAGGGTATCGGTTG-3V and R: 5V-GTGTGTGATG-
CAGTGATCC-3V; EphA5, F: 5V-GCTGAACTGCAGGGAQ
AAAC-3V and R: 5V-TCCTCCACGGCTTTAATCAC-3V;
EphA7, F: 5V-GCAATCGAAGAAGGCTATCG-3V and R:
5V-GGAGGTTAGAGAGCTCAAGGTG-3V; EphA9, F: 5V-
GTTTGAGGAAGTCGATGGGA-3V and R: 5V-GGCTCAA-
GAAGGTGCTTCAC-3V; and glutaraldehyde-3-phosphate
dehydrogenase (GAPDH), F: 5V-GATGGGTGTCAACCAT-
GAGAAA-3V and R: 5V-ATCAAAGGTGGAAGAATQ
GGCTG-3V. Amplification of cDNAs was performed using
23–35 cycles with denaturation at 94-C for 30 s, annealing at
59-C for 30 s, and extension at 72-C for 50 s.
Identification of Eph receptors in sensory neurons
To verify expression of EphA receptors detected with
PCR in DRGs, we stained cryostat sections of E7 DRGs with
antibodies to EphA3, EphA4, and EphA5 (generously
provided by E. B. Pasquale, The Burnham Institute, La Jolla,
CA), visualized with Alexa 488 anti-rabbit secondary anti-
body (Molecular Probes, Eugene, OR). Primary antibody was
omitted from control sections. In Fig. 1D, and all other figures
comparing staining intensity (Figs. 1E, 3, and 5), confocal
images were acquired and processed at identical settings.
To visualize expression of EphA receptors on growth
cones, E7 DRGs were dissected from 1 to 3 embryos, cut
into 2–6 pieces (‘‘DRG explants’’), pooled, and 3–4
explants were plated in glass-bottomed wells coated with
poly-dl-ornithine and laminin, and cultured overnight in
F14/N2 (Gibco), supplemented with either NGF or NT3, as
described previously for trigeminal neurons (Adams and
Scott, 1998). Live cultures were incubated with human
ephrin-A5-Fc (10 Ag/ml; R & D Systems, Minneapolis,
MN) for 1 h at 37-C, fixed in 4% paraformaldehyde with
10% sucrose in PBS, and stained with biotinylated anti-
human-IgG-Fc antibody (Jackson, West Grove, PA) ampli-
fied with Tyramide Signal Amplification (TSA, New
England Nuclear, Boston, MA) and Texas Red avidin
(Vector, Burlingame, CA). Control cultures were incubated
with human-IgG-Fc (Jackson) prior to fixation and staining.
Effects of ephrin-A5 on growth cones in vitro
Soluble ephrin-A5
To investigate the effects of soluble ephrin-A5 on
sensory growth cones, E7 DRG explants were grown
overnight in glass-bottomed wells coated with 20 Ag/ml
Fig. 1. EphA receptors are expressed by embryonic cutaneous and muscle
afferents. (A–C) mRNA was extracted from freshly dissected DRGs from
E4 (A) or E7 (B) embryos, or from E7 DRGs incubated approximately 36 h
in either NGF or NT3 to select for cutaneous and muscle afferents,
respectively (C). RT-PCR was performed for each known chick EphA
receptor, using 32 and 23 cycles for Eph receptors and GAPDH,
respectively, for E4 DRGs (A); 29 and 23 cycles, respectively, for freshly
dissected E7 DRGs (B); and 30 and 27 cycles, respectively for neuro-
trophin-selected E7 DRGs (C). Note that all known chick EphA receptors
except EphA9 are expressed in lumbosacral DRGs at stages when axons
grow into the limb, and are present in DRGs enriched for either cutaneous
or muscle sensory neurons. (D) Adjacent sections of E7 DRGs stained with
antibodies to EphA3, EphA4, and EphA5 show that EphA receptors are
expressed in sensory neurons. Primary antibody was omitted from control
sections. Medial is to the right and dorsal to the top in each panel. Arrow
indicates EphA4 on sensory axons. (E) Live growth cones were labeled
with ephrin-A5-Fc. Growth cones of both NGF-selected cutaneous neurons
and NT3-selected muscle afferents labeled with ephrin-A5-Fc, whereas no
labeling was observed with control human IgG-Fc.
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day, cultures were transferred to F14/N2 media supple-
mented with 15–20 mM HEPES and the appropriate
neurotrophic factor. Timelapse images of growth cones
were recorded every 5 min for 30 min prior to adding
different concentrations of ephrin-A5-Fc clustered with anti-
human IgG-Fc antibody (Wang and Anderson, 1997),
clustered human IgG-Fc, or control media. After allowing
10 min for the Fc’s to equilibrate, recording was continued
for at least 30 min or until a growth cone grew or retracted
out of the field of view. Growth cones that contacted other
axons were not included in analyses. Recordings were madefrom 10 to 22 growth cones in 3–5 embryos for each
condition (i.e., each combination of ephrin concentration
and neurotrophin). Growth cones were scored as collapsed if
they were phase dark, had no lamellapodia and fewer than 3
filopodia (Wong et al., 2004), and the axon retracted and
remained collapsed throughout the entire 30 min of post-
treatment recording (i.e., 40 min after addition of Fc).
Growth rates of axons before and after addition of soluble
Fc were measured with MetaMorph software (Universal
Imaging; Dowingtown, PA).
To determine whether soluble ephrin-A5 triggered
phosphorylation of EphA receptors on sensory growth
cones (Davis et al., 1994), we treated DRGs cultured
overnight in both NGF and NT3 with 5 Ag/ml clustered
ephrin-A5-Fc or control clustered human IgG-Fc for 10 min.
Cultures were then fixed with 4% paraformaldehyde
containing 12% sucrose, and stained with anti-phosphory-
lated EphA antibody (Shamah et al., 2001) (a generous gift
from M. E. Greenberg, Harvard Medical School, Boston,
MA) and phalloidin (Molecular Probes).
Membrane-attached ephrin-A5
To test interactions of growth cones with membrane-
attached ephrin-A5, full-length chick ephrin-A5 was
cloned into a bicistronic pMES vector, which contains a
chick h-actin promoter/CMV-IE enhancer with an internal
ribosomal entry site-enhanced green fluorescent protein
(eGFP) (Swartz et al., 2001), kindly provided by C. E.
Krull (University of Michigan, Ann Arbor, MI). DF-1
chick fibroblast cells (ATCC, Manassas, VA), grown in
complete DMEM media (Gibco) on poly-d-lysine-coated
tissue cultured dishes, were transfected with pMES:ephrin-
A5 using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. Control cells were transfected
with pCAX DNA (also provided by C. E. Krull) or empty
pMES vector. Transfection efficiency for cultures trans-
fected with pMES:ephrin-A5 was approximately 25–30%,
and was generally somewhat higher in cultures trans-
fected with pCAX DNA. In initial experiments, we
verified that ephrin-A5 was expressed appropriately on
cell surfaces. Cultures of live transfected cells were
incubated in mouse EphA7-Fc (R & D Systems), and
stained with biotinlyated secondary antibodies as
described above for growth cones.
One day after transfection, DF-1 cells were detached with
trypsin-EDTA (Gibco), and plated at low density (5000–
50,000 cells/ml) in poly-dl-ornithine/laminin-coated glass
wells. An hour later, 2–4 E7 DRG explants were added to
the dishes and cultured overnight in F14/N2 supplemented
with either NGF or NT3. After 18–24 h, media was
replaced with F14/N2 containing 15 mM HEPES and the
appropriate neurotrophic factor, and the dish was sealed
with a coverglass. Timelapse images of axons that were
approaching DF-1 cells were captured with MetaMorph
software at 1- to 2-min intervals, with the total recording
time ranging from 1 to 3 h.
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fixed with 4% paraformaldehyde containing 10% sucrose,
and axons were labeled with antibody 3A10 and Alexa 568
anti-mouse IgG (Molecular Probes). Antibody 3A10,
initially developed by T. M. Jessell and J. Dodd, was
collected from hybridoma cells purchased from the Devel-
opmental Studies Hybridoma Bank (developed under the
auspices of the NICHD and maintained by the University of
Iowa, Dept. of Biological Sciences, Iowa City, IA 52242).
The number of axon and axon bundles that crossed over or
under each GFP-labeled cell was counted from confocal
images collected from a total of 9 dishes of cells transfected
with pMES:ephrin-A5 and 10 dishes transfected with
control DNA in 3 separate experiments. Only transfected
cells located 200–600 Am from the edge of a DRG explant
were included; relationships between axons and non-trans-
fected cells were not analyzed.
Effects of ephrin-A5 on cutaneous axons in vivo
Ephrin-A5 or control DNA was expressed in the dorsal
thigh by in ovo electroporation in St. 15–16 (E2.5)
embryos. DNA was injected into the coelom at lumbosacral
levels, and electroporated into dorsal mesenchyme, as
described previously (Eberhart et al., 2004; Swartz et al.,
2001). Two to three days later, embryos were removed from
the eggs, fixed with 4% paraformaldehyde, and permeabi-
lized with 1% Triton X-100 and 10% normal goat serum in
PBS. Embryos were stained as whole mounts with 3A10
and rabbit anti-GFP, followed by the Alexa 543 anti-mouse
IgG and Alexa 488 anti-rabbit IgG (Molecular Probes).
Confocal images of the lateral femoral cutaneous nerve
(CFL) and eGFP were collected from all embryos in which
eGFP was expressed in the region of the CFL, as well as in
6 untreated control embryos. The size of the CFL arboriza-
tion was measured on both limbs in arbitrary units using
NIH Image 1.61 software. In addition, we counted the
number of branch points on each image. Subsequently,
some of these embryos were embedded in Tissue-Tek OCT
compound, cryosectioned, and confocal images of sections
containing both axons and eGFP were collected.Results
Perturbation of normal signaling between EphA recep-
tors and class-A ephrins alters projections of motor axons in
the limb (Eberhart et al., 2002, 2004; Helmbacher et al.,
2000; Kania and Jessell, 2003). Sensory projections are also
affected, since entire muscle nerves, which normally contain
many sensory axons, are missing in EphA4 mutants
(Helmbacher et al., 2000). Because outgrowing motor axons
can direct the growth of sensory axons (Landmesser and
Honig, 1986; Scott, 1988; Wang and Scott, 1999), it is not
clear whether ephrins directly affect sensory innervation
patterns or whether ephrins indirectly affect sensoryinnervation by influencing motor axon pathfinding. The
goal of the present study was to investigate the effect of A-
class Eph/ephrin signaling on sensory axons, with an eye
toward understanding its potential role in the development
of sensory innervation patterns in the limb.
Cutaneous and proprioceptive sensory neurons express
A-class receptors
To determine whether sensory neurons have the potential
to respond to A-class ephrins in the limb, we assayed EphA
receptor expression in lumbosacral (LS) DRGswith RT-PCR.
DRGs expressed all known chick EphA receptors except
EphA9 on embryonic day 4 (E4, St. 24), shortly before the
first axons leave the plexus region and begin to enter the limb
(Tosney and Landmesser, 1985;Wang and Scott, 2000) and at
E7 (St. 29–30), when axons are actively growing to targets in
the hindlimb (Figs. 1A, B). There were no consistent
differences in EphA receptor expression in NGF-dependent
neurons, which are largely cutaneous, and NT3-dependent
neurons, which are largely proprioceptive, although we did
not analyze expression quantitatively (Fig. 1C).
To confirm that the EphA receptors that we detected with
PCR were expressed in sensory neurons, we stained sections
of E7 DRGs with antibodies to EphA3, EphA4, and EphA5.
As shown in Fig. 1D, EphA4 and EphA5 were robustly
expressed DRG neurons, although expression on axons was
weak, and EphA3 was barely detectable in neurons or
axons. We were unable to examine expression of EphA7
and EphA9 immunohistochemically due to lack of chick-
specific antibodies to these receptors.
In order for A-class ephrins in the limb to affect sensory
axon growth, EphA receptors must be expressed on the
surface of sensory growth cones. The chick-specific anti-
bodies shown in Fig. 1D label the cytoplasmic domains of
individual EphA receptors, and therefore are not suitable for
viewing surface proteins. Therefore, to determine whether
EphA receptors were expressed appropriately on growth
cones, we labeled live sensory neurons in vitro with ephrin-
A5-Fc, which binds to all EphA receptors. Importantly,
EphA receptors were expressed on nearly all sensory growth
cones, although the intensity of labeling varied somewhat
among growth cones (Fig. 1E). Thus, both cutaneous and
muscle afferents could potentially be guided by A-class
ephrins as they grow into the limb.
Ephrin-A5 exerts inhibitory effects on sensory axons in vitro
To determine whether DRG neurons do indeed respond to
A-class ephrins, we first exposed cutaneous and propriocep-
tive growth cones to different concentrations of soluble
ephrin-A5. A substantial fraction of both classes of neurons
collapsed and retracted rapidly when treated with ephrin-A5-
Fc (Fig. 2). Although proprioceptive neurons appeared to be
somewhat more sensitive to the lowest concentration of
ephrin-A5-Fc (Table 1), the response of the two types of
Fig. 2. Many growth cones of cutaneous and muscle afferents collapse and retract rapidly in soluble ephrin-A5. (A) Images of an NGF-selected (top) and an NT3-
selected (bottom) growth cone before (left) and after (right) addition of 10 Ag/ml clustered ephrin-A5-Fc. Numbers indicate time in minutes after addition of
ephrin-A5. (B) Percentage of growth cones that collapsed, retracted, and remained collapsed after addition of high concentrations (5 or 10 Ag/ml) of clustered
ephrin-A5-Fc. Numbers in bars indicate the total number of growth cones analyzed in 8 dishes of NGF-selected neurons and 6 dishes of NT3-selected neurons.
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both NGF-dependent and NT3-dependent growth cones
collapsed in response to 5 Ag/ml clustered ephrin-A5, and
remained collapsed for at least 30 min (i.e., 40 min after
addition of ephrin-A5), the interval during which we
analyzed timelapse records (Fig. 2, Table 1). Increasing the
concentration of clustered ephrin-A5 to 10 Ag/ml did not
cause significantly greater growth cone collapse, so the
results for 5 and 10 Ag/ml have been combined in all of the
following analyses. An additional 10–15% of growth cones
collapsed and retracted briefly in ephrin-A5, but recovered
and re-extended within 30 min. There was no obvious
correlation between the length of time that growth cones
remained collapsed and the concentration of ephrin-A5.
Surprisingly, approximately a third of cutaneous and pro-
prioceptive axons continued to extend without collapsing in
the presence of high concentrations of soluble ephrin-A5. As
expected, growth cones incubated with clustered human IgG-
Fc or control media virtually never collapsed (Table 1).
To determine whether ephrin-A5 activates EphA receptors
on sensory neurons in vitro, we treated cultures of DRGs with
5 Ag/ml clustered ephrin-A5-Fc for 10 min, and stained
DRGs with anti-phosphorylated EphA (Shamah et al., 2001).
As expected (Davis et al., 1994), ephrin-A5 triggeredTable 1
Response of sensory growth cones to soluble ephrin-A5
Ephrin-A5-Fc NGF-dependent neurons
n % Collapsed % No collapse % Recove
Control 35 0 100 0
1 Ag/ml 54 11.1 83.3 5.6
5 Ag/ml 37 56.8 27.0 16.2
10 Ag/ml 64 40.6 46.9 12.5
The behavior of growth cones treated with clustered ephrin-A5-Fc or control med
with timelapse videomicroscopy. Growth cones that collapsed and retracted and di
min post-treatment) were scored as ‘‘collapsed’’; growth cones that continued exte
that collapsed and retracted briefly but re-extended during the recording session we
is shown here. n = total number of growth cones recorded in each condition.phosphorylation of EphA receptors on growth cones that
collapsed. In contrast, phosphorylated EphA receptors were
barely detectable after treatment with control clustered
human IgG-Fc, even on growth cones that had spontaneously
collapsed (Fig. 3).
We suspected that the growth cones that collapsed were
initially less tightly adhered to the substratum than non-
collapsed growth cones. Since differences in adhesion are
likely to be manifest as differences in growth rates (Condic
and Lemons, 2002), we determined the initial rate of
extension of each growth cone prior to the addition of
ephrin-A5 or control media. On average, NGF-dependent
neurons extended significantly more slowly (120.33 T 41.4
Am/h, mean T SD, n = 189) than NT3-dependent neurons
(147.7 T 64.8 Am/h, n = 168; P < 0.001, t test). Interestingly,
the NGF-dependent neurons that collapsed had significantly
slower initial growth rates than non-collapsed axons (P 
0.01, t test; Fig. 4A). Moreover, soluble ephrin-A5 signifi-
cantly slowed the extension of many of the non-collapsed
NGF-dependent neurons (P  0.001, paired t test, n = 40),
whereas control axons tended to grow more rapidly during
the same time period (P  0.001, paired t test, n = 35; Fig.
4B). In contrast, although the NT3-dependent neurons that
collapsed also had slower initial growth rates than non-NT3-dependent neurons
red n % Collapsed % No collapse % Recovered
26 0 96.2 3.9
51 31.4 47.1 21.6
46 58.7 23.9 17.4
45 35.6 33.3 31.1
ia (either media alone or 10 Ag/ml clustered human IgG-Fc) was followed
d not re-extend during the 30-min post-treatment recording session (i.e., 40
nding without collapsing were scored as ‘‘No collapse’’; and growth cones
re scored as ‘‘Recovered’’. The percentage of growth cones in each category
Fig. 3. Ephrin-A5 triggers phosphorylation of EphA receptors on sensory growth cones in vitro. (A–C) Growth cones of sensory neurons treated for 10 min
with 5 Ag/ml clustered ephrin-A5-Fc, and stained with anti-phosphorylated EphA (red) and phalloidin (green). Note that phosphorylated EphA receptors are
abundant on collapsed growth cones (B, C) following exposure to ephrin-A5. (D, E) In contrast, phosphorylated EphA receptors are barely detectable on
growth cones exposed to clustered human IgG-Fc, even on growth cones that have collapsed spontaneously (E).
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and the growth rate of non-collapsed NT3-dependent neurons
was unaffected by either ephrin-A5 or control media (Fig.
4B). Together, these findings suggest that slower growing
axons are more sensitive to repulsive signaling from ephrin-
A5 than faster growing ones, and that NGF-dependent
neurons are more sensitive than NT3-dependent neurons,
perhaps because of their slower growth rate.
In vivo, growing axons encounter ephrins as membrane-
attached molecules rather than as soluble ligands. To
determine how sensory axons respond to membrane-
attached ephrin-A5, we examined interactions of sensory
growth cones with DF-1 fibroblasts transiently transfected
with ephrin-A5 DNA. Following transfection of ephrin-
A5:eGFP, EphA7-Fc bound to cells that expressed eGFP,
but not to non-transfected or control-transfected cells. Thus,
ephrin-A5 was expressed appropriately on the cell mem-
brane of transfected cells, and eGFP could be used reliably
to identify ephrin-A5-expressing cells (Fig. 5). Timelapse
recordings showed that over half of cutaneous and
proprioceptive growth cones avoided ephrin-A5-expressing
cells, either by collapsing and retracting (Figs. 6A, B) or by
changing directions (Fig. 6A) upon contact with a trans-Fig. 4. (A) The response of growth cones to soluble ephrin-A5 is related to their in
than NT3-dependent axons. Moreover, the initial extension rate of NGF-depende
slower than that of growth cones that did not collapse. *P  0.01. The numbers
growth cones of NGF-dependent neurons tended to extend more slowly in the pr
was unchanged. Graphs are cumulative distribution plots showing the percentage o
speed. Each point represents a single growth cone. Negative values indicate that
positive values indicate that the rate of neurite extension increased. Note that ext
whereas nearly 70% of the corresponding growth cones increased their rate of exfected cell. In contrast, all cutaneous axons appeared to
ignore non- or mock-transfected cells (Figs. 6B, C), as did
most proprioceptive neurons (Table 2).
To sample a larger number of neurons than is feasible
with timelapse studies, we assessed the outcomes of
interactions of growth cones with transfected cells by
counting the number of axons or axon bundles that had
crossed over or under transfected cells in parallel cultures
fixed at the end of the timelapse recording sessions (Fig.
7A). In agreement with timelapse observations, significantly
fewer (P < 0.001) cutaneous and proprioceptive axons
crossed ephrin-A5-transfected cells than crossed control-
transfected cells, as summarized in Fig. 7B; the relationship
of axons to non-transfected cells was not analyzed.
Together, these results show that membrane-attached eph-
rin-A5 can direct the growth of both cutaneous and
proprioceptive axons via repulsive signaling.
Ephrin-A5 inhibits cutaneous axon growth in vivo
In vivo, growth cones are rarely exposed to a single
guidance molecule such as ephrin-A5 in isolation, but
instead encounter a constellation of molecules. The pathwayitial growth rate. On average, NGF-dependent axons extended more slowly
nt growth cones that collapsed in soluble ephrin-A5 (5 and 10 Ag/ml) was
of axons in each condition are indicated in parentheses. (B) Non-collapsed
esence of soluble ephrin-A5, whereas extension of NT3-dependent neurons
f growth cones whose growth rate changed by less than or equal to a given
the rate of neurite extension slowed following addition of ephrin-A5, and
ension of nearly 70% of NGF-selected growth cones slowed in ephrin-A5,
tension in control media.
Fig. 5. Ephrin-A5 is expressed appropriately in transfected fibroblasts. (A) Left: expression of eGFP in DF-1 cells transfected with ephrin-A5:eGFP. Middle:
transfected cells bind EphA7-Fc, showing that ephrin-A5 is expressed appropriately on the cell surface. Right: most cells that express eGFP also express
ephrin-A5. (B) Non-transfected cells do not label with EphA7-Fc, showing that control DF-1 cells do not express any ephrins. This indicates that EphA7-Fc is
indeed binding to ephrin-A5 in transfected cells.
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guidance cues (reviewed in Tessier-Lavigne and Goodman,
1996). To determine how growth cones respond to ephrin-A5
in the presence of other normal guidance cues in the limb, we
used in ovo electroporation to express exogenous ephrin-A5
in the dorsal thigh and skin in the region where the lateral
femoral cutaneous nerve (CFL, a purely cutaneous nerve)
normally ramifies, and measured the size of the resulting
arborizations as described in Materials and methods. CFL
nerve fields that developed in skin expressing ephrin-A5
were smaller than the corresponding fields on contralateral
limbs (Figs. 8A–G). Moreover, CFL nerves branched less in
the presence of ephrin-A5 (Fig. 8H). In contrast, CFL fields
were nearly identical in size on the two limbs of control
electroporated embryos and in untreated control embryos, as
were the numbers of branches (Figs. 8E–H).
In some embryos, the CFL nerve appeared to ramify in
regions with abundant ephrin-A5, although in whole
mounts, it was occasionally difficult to determine whether
the nerve and eGFP were in the same plane. To assess the
spatial relationships more precisely, we cut histological
sections through limbs of several embryos, and examined
sections with confocal microscopy. Cutaneous axons skirtedFig. 6. Many sensory axons retract or turn away from ephrin-A5-expressing cells
with DF-1 fibroblasts in vitro. (A) Growth cones of two NT3-selected neurons co
right rapidly collapses and retracts out of the field of view upon contacting the tran
cell, collapses briefly, and then grows off in a different direction. (B) Two growth
cone collapses and retracts into the parent neurite after contacting a fibroblast tra
across the non-transfected cell without delay. (C) A neurite from an NGF-depend
Insets show eGFP in transfected cells, which are marked with an asterisk in phasbetween ephrin-A5-expressing cells in the dermis, but
intermingled among and crossed over labeled cells in
dermis of control-transfected embryos (not shown).
Thus, ephrin-A5 can impede the growth of cutaneous
axons even in the presence of the normal constellation of
growth-promoting molecules present in the limb. We were
unable to assess whether ephrin-A5 directly inhibits
proprioceptive axons in vivo due to the overriding cues
provided by adjacent motor axons (Landmesser and Honig,
1986; Scott, 1988; Wang and Scott, 1999), which are clearly
repelled by ephrin-A5 (Eberhart et al., 2002, 2004).
However, given that proprioceptive axons are also sensitive
to ephrin-A5 in vitro, we expect that they would be similarly
affected by ephrin-A5 in the limb.Discussion
Recently, EphA-ephrin signaling has been implicated in
the establishment of motor innervation in the limb, directing
both the initial dorsal–ventral choice of motor axons as they
enter the limb (Eberhart et al., 2002, 2004; Helmbacher et
al., 2000; Kania and Jessell, 2003), and subsequentlyin vitro. Selected frames from timelapse recordings of neurons interacting
ntact a fibroblast transfected with ephrin-A5:eGFP. The growth cone on the
sfected cell. In contrast, the growth cone on the left touches the transfected
cones from a small axon fascicle of NGF-selected neurons. The left growth
nsfected with ephrin-A5:eGFP. In contrast, the right growth cone extends
ent neuron grows readily across a fibroblast transfected with control eGFP.
e images. Numbers show elapsed time in minutes.
Table 2
Response of sensory growth cones to membrane-attached ephrin-A5
Response of growth cone NGF-dependent NT3-dependent
Ephrin-A5 Control Ephrin-A5 Control
n % n % n % n %
Collapse and/or retract 13 46.4 0 0 13 41.9 2 15.4
Change direction 5 17.8 0 0 4 12.9 1 7.7
Stall 1 3.6 0 0 0 0 0 0
Grow over, under, or along edge of cell 9 32.1 14 100 14 45.2 10 76.9
Interactions of sensory growth cones with DF-1 fibroblasts transfected with ephrin-A5:eGFP or control eGFP, and with control non-transfected fibroblasts were
followed with timelapse videomicroscopy, as described in Materials and methods. The responses of growth cones to control-transfected and non-transfected
cells have been combined in the Control columns above, because there were no obvious differences between them.
L.M. Mun˜oz et al. / Developmental Biology 283 (2005) 397–408404distributing motor axons within their peripheral target
muscles (Feng et al., 2000; Lampa et al., 2004). Here, we
show that multiple EphA receptors are expressed in DRGs
at the time that limb innervation is established. Importantly,
EphA receptors are present on growth cones of both
cutaneous and muscle afferents, and soluble ephrin-A5
triggers phosphorylation of these receptors. Outgrowth of
both populations is inhibited by soluble and membrane-
attached ephrin-A5. Finally, we show that ectopic expres-
sion of ephrin-A5 in ovo reduces cutaneous innervation.
Together, these results suggest that sensory innervation
patterns, like that of motor neurons, are directly regulated by
A-class ephrins in the limb.
Sensory neurons express EphA receptors
Using RT-PCR, we detected expression of all known
chick EphA receptors except EphA9 in DRGs at E4, prior to
growth of axons into the limb, and at E7, when sensory
axons are actively growing to limb targets. Immunostaining
verified robust expression of EphA4 and EphA5, and
minimal levels of EphA3 in E7 DRGs. We were unable to
examine expression of EphA7 or EphA9 immunohisto-
chemically due to the paucity of chick-specific antibodies.Fig. 7. Sensory axons tend to avoid ephrin-A5-expressing cells in vitro. (A) Confo
with ephrin-A5:eGFP (left) or control eGFP (right). Insets show transfected cells a
crossed cells transfected with ephrin-A5, whereas several axons have grown acr
dependent neurons. (B) The number of axon or axon bundles that crossed over ind
number of axons that crossed over control cells transfected with eGFP alone. **P
parentheses. Most fibroblasts in the cultures were not transfected and are not visib
not analyzed.Nevertheless, we have demonstrated a more diverse ex-
pression of EphA receptors in chick DRGs than previously
reported (Eberhart et al., 2000; Iwamasa et al., 1999).
Further, virtually all growth cones of both NGF-dependent
neurons, which are largely cutaneous, and NT3-dependent
neurons, which are largely muscle afferents, bind ephrin-
A5-Fc, and many growth cones of both classes of neurons
respond to ephrin-A5 in vitro. These observations provide
strong evidence for expression of EphA receptors on
sensory axons, since EphB2 receptors, which can also bind
ephrin-A5 (Himanen et al., 2004), are not expressed in
embryonic chick DRGs (our unpublished work). Because
multiple EphA receptors are expressed in DRGs, it is
possible that individual growth cones express different
combinations or levels of EphA receptors. Such diversity in
expression of EphA receptors could contribute to the diverse
response of growth cones to ephrin-A5 described below.
Sensory growth cones respond in diverse ways to ephrin-A5
in vitro
Our finding that approximately half of the growth cones
of E7 DRG neurons collapsed in response to soluble
ephrin-A5 is consistent with studies in other systemscal images of NGF-dependent axons (red) and DF-1 fibroblasts transfected
nd axons at higher magnification. Note that axons surround but have rarely
oss each control-transfected cell. Similar results were obtained with NT3-
ividual cells transfected with ephrin-A5:eGFP was significantly less than the
< 0.001 (t test). Total numbers of cells examined in each condition are in
le in these images. The relationship of axons with non-transfected cells was
Fig. 8. Arborizations of cutaneous nerves are reduced by exogenous ephrin-
A5 in vivo. Confocal images of the CFL (lateral femoral cutaneous) nerve
arborization (red) on the left (A, C, E) and right (B, D, F) hindlimbs of 3
embryos in which the right leg was transfected with ephrin-A5:eGFP (B, D)
or control eGFP (F) at E2.5 (St. 15–16) using in ovo electroporation. Note
that arborizations are smaller and less branched in the presence of ephrin-
A5, but are similar in the control-transfected embryo. (G and H) Bar graphs
summarizing the relative size (G) and the number of branch points (H) of
CFL arborizations on the experimental vs. the contralateral control limbs of
individual embryos transfected with either ephrin-A5:eGFP or control
eGFP. ‘‘Control’’ bars represent the relative size and branch points of
arborizations on the left vs. right limbs in untreated embryos. Both the
ratios of experimental vs. control CFL size and branch points are
significantly reduced in comparison to the corresponding ratios in embryos
transfected with control eGFP; *P  0.01 (t test). n = number of embryos.
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signaling (reviewed in Poliakov et al., 2004; Wilkinson,
2000). Ephrin-A5 collapsed roughly equal proportions of
NGF-dependent (predominantly cutaneous) and NT3-
dependent (predominantly proprioceptive) growth cones
(see also Jurney et al., 2002). Thus, EphA-ephrin signaling
is unlikely to be involved in the segregation of sensory
axons into cutaneous and muscle nerves, and instead serves
a different function in vivo (see below). It remains possible,
however, that differences in the response of these two
populations of sensory neurons to ephrin-A5 might emerge
at later stages, as occurs among motor neurons (Wang et al.,
2001).
Similarly, over half of the encounters of sensory growth
cones with fibroblasts transfected with ephrin-A5 resulted in
some type of repulsive interaction, such as growth cone
collapse or redirection. At first glance, the inhibition of
individual growth cones in response to membrane-attached
ephrin-A5 that we observed appeared to be less dramatic
than shown previously for DRGs growing on monolayers of
transfected cells (Donoghue et al., 1996). This difference is
more apparent than real, however, since only a small portion
of fibroblasts were transfected in our studies, and we
purposefully plated the transfected cells at low density.
Thus, sensory axons had the choice of an inhibitory
substratum (an ephrin-A5-transfected cell) or more favor-
able substrata (non-transfected cells or laminin), whereas no
such choice was available to axons growing on a homoge-
neous monolayer of transfected cells (Donoghue et al.,
1996).
Although ephrin-A5 clearly mediated repulsive signaling
in both of our in vitro assays, many cutaneous and
proprioceptive growth cones did not collapse or turn away
from ephrin-A5. Whereas the growth of many non-collapsed
NGF-dependent neurons was slowed by soluble ephrin-A5,
non-collapsed NT3-dependent axons appeared unaffected
by either soluble or membrane-attached ephrin-A5. We
never saw any evidence that ephrin-A5 promoted DRG
axon growth, as has occasionally been reported in other
systems (Eberhart et al., 2004; Hansen et al., 2004).
Interestingly, axon growth rate appeared to influence the
response of growth cones to ephrin-A5. We had expected
the slower growing axons to be more stable and therefore
more resistant to the collapsing effects of soluble ephrin-
A5. Contrary to our expectations, slower growing axons
appeared to be more sensitive. For example, growth cones
that collapsed in response to soluble ephrin-A5 tended to
have slower initial growth rates than non-collapsed axons.
Moreover, NGF-dependent axons extended more slowly on
average than NT3-dependent axons, and ephrin-A5 slowed
the extension of non-collapsed growth cones only in NGF-
dependent neurons. Growth cone collapse and retraction
require that growth cones lose their adhesion to the
substratum. The finding that more rapidly growing axons
are less, rather than more, sensitive to the collapsing
effects of ephrin-A5 provides further evidence that the
L.M. Mun˜oz et al. / Developmental Biology 283 (2005) 397–408406relationship between growth rate and level of adhesion of
growth cones to the substratum is complex (Condic and
Lemons, 2002; Gomez and Letourneau, 1994; Lemmon et
al., 1992).
Several other factors might also contribute to the
diversity of DRG neurons’ responses to ephrin-A5. First,
the sensitivity of both motor and DRG neurons to ephrin-A5
varies along the rostrocaudal axis (Donoghue et al., 1996;
Wang et al., 2001). We analyzed sensory neurons in DRGs
taken from lumbosacral segments LS1–LS8 without regard
to the segment of origin. It is unlikely, however, that
differences in the segment of origin of neurons was a
significant factor in the variability that we observed in the
response of neurons to ephrin-A5, because DRGs LS1–8
are all caudal, as defined in earlier studies.
Second, the response of motor neurons to ephrin-A5
changes with embryonic age (Wang et al., 2001). Since
neurons are born and extend axons over a protracted period
of time in chick DRGs (Carr and Simpson, 1978; Honig and
Burden, 1993), the neurons we studied varied widely in age
and maturity. However, the response of E9 sensory neurons
to soluble ephrin-A2 is equally diverse (Jurney et al., 2002),
suggesting age may not be the major determinant of the
response of sensory neurons to A-class ephrins.
Third, DRG neurons express A-class ephrins (Eberhart et
al., 2000; Iwamasa et al., 1999) as well as Eph receptors,
and co-expression of ephrins and receptors can modulate the
sensitivity of cells to the ligands (Hornberger et al., 1999;
Yin et al., 2004). For example, overexpression of ephrin-A5
on temporal retinal axons renders them insensitive to the
inhibitory effects of A-class ephrins (Hornberger et al.,
1999). In contrast, neural crest cells, the immediate
precursors of sensory neurons, normally co-express EphA4
and ephrin-A2 and -A5, yet avoid substrata containing A-
class ephrins (McLennan and Krull, 2002). Thus, the
relative level of expression of Eph receptors and ligands
on individual DRG axons is likely to contribute to the
diversity of responses that we observed.
Finally, we classified and analyzed sensory neurons in
just two groups, NGF-dependent and NT3-dependent
neurons, yet each group projects to diverse regions of skin
and muscles, respectively. It is quite possible that growth
cones of axons that project to different targets express
different constellations or levels of EphA receptors. It is
also likely, therefore, that the varied response of sensory
neurons to ephrin-A5 in vitro reflects the role EphA/ephrin-
A5 signaling plays during target innervation in vivo, as
discussed more fully below.
Exogenous ephrin-A5 impedes cutaneous innervation in
vivo
Arborization of the CFL nerve, a purely cutaneous nerve
that innervates skin on the dorsal thigh, was reduced but not
eliminated by expression of exogenous ephrin-A5 in the
arborization field. This finding is entirely consistent withour in vitro results, and supports the hypothesis that ephrin-
A5 directs sensory axon growth in vivo. The reduction in
CFL arborization could result from the collapse or
redirection of cutaneous growth cones that contacted
ephrin-A5-expressing cells, as well as from the slowing of
extension of growth cones that did not collapse.
The failure to completely eliminate the CFL was not
entirely surprising. About one-third of cutaneous axons
appeared to be only minimally affected by ephrin-A5 in
vitro, and the same is likely true for axons in vivo.
Moreover, not every cell in the dermis was transfected with
ephrin-A5, so ephrin-A5 did not present an impenetrable
barrier. Axons were able to traverse a pathway between
transfected cells, most likely responding to the normal
growth-promoting molecules in the dermis. Moreover, a
previous study showed that even when exogenous ephrin-
A5 initially blocked the entry of EphA4-expressing motor
axons into the limb, these motor axons eventually breached
the molecular barrier and grew into the limb (Eberhart et al.,
2004). Most likely, cutaneous axons can do the same. Our
findings clearly demonstrate that cutaneous axons can and
do respond to ephrin-A5 in vivo, and the inhibition
mediated by ephrin-A5 is sufficient to override the normal
growth-promoting molecules in the limb environment.
Role of EphA-ephrin signaling in sensory neurons during
normal development
Ephrin-A2 and -A5 are expressed in ventral limb when
limb innervation is being established, and these ephrins
appear to direct EphA4-expressing motor axons to dorsal
limb via repulsive signaling (Eberhart et al., 2002, 2004;
Helmbacher et al., 2000; Kania and Jessell, 2003). Our
findings suggest that sensory axons could be similarly
directed into dorsal or ventral pathways. Only half of
cutaneous or proprioceptive neurons were inhibited by
ephrin-A5, suggesting that these are the axons that normally
project dorsally. Because sensory neurons that project to
different targets are distributed in several DRGs and
intermixed within these DRGs (Honig, 1982; Scott, 1982),
we were unable to determine whether the sensory neurons
that were most responsive to ephrin-A5 were those that
normally project into dorsal pathways. If so, then repulsive
signaling from ventral ephrins would have a dual role in
determining sensory innervation patterns—an indirect effect
by inhibiting dorsal projection of EphA4-expressing motor
axons, which can direct sensory axon growth (Landmesser
and Honig, 1986; Scott, 1988; Wang and Scott, 1999), as
well as a direct inhibitory effect on the sensory neurons
themselves. Interestingly, cutaneous axons, which normally
navigate through the limb without the aid of motor axons
(Landmesser and Honig, 1986; Scott, 1988; Wang and
Scott, 1999; Wang and Scott, 2000), are more responsive to
inhibition from ephrin-A5 than muscle afferents, suggesting
A-class ephrins in the limb are especially important
guidance molecules for these neurons.
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